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BSTRACT

 

Background

 

Concern has arisen that the use of
hand-held cellular telephones might cause brain tu-
mors. If such a risk does exist, the matter would be
of considerable public health importance, given the
rapid increase worldwide in the use of these devices.

 

Methods

 

We examined the use of cellular tele-
phones in a case–control study of intracranial tumors
of the nervous system conducted between 1994 and
1998. We enrolled 782 patients through hospitals in
Phoenix, Arizona; Boston; and Pittsburgh; 489 had his-
tologically confirmed glioma, 197 had meningioma,
and 96 had acoustic neuroma. The 799 controls were
patients admitted to the same hospitals as the patients
with brain tumors for a variety of nonmalignant con-
ditions.

 

Results

 

As compared with never, or very rarely, hav-
ing used a cellular telephone, the relative risks asso-
ciated with a cumulative use of a cellular telephone for
more than 100 hours were 0.9 for glioma (95 percent
confidence interval, 0.5 to 1.6), 0.7 for meningioma (95
percent confidence interval, 0.3 to 1.7), 1.4 for acoustic
neuroma (95 percent confidence interval, 0.6 to 3.5),
and 1.0 for all types of tumors combined (95 percent
confidence interval, 0.6 to 1.5). There was no evidence
that the risks were higher among persons who used
cellular telephones for 60 or more minutes per day or
regularly for five or more years. Tumors did not occur
disproportionately often on the side of head on which
the telephone was typically used.

 

Conclusions

 

These data do not support the hypoth-
esis that the recent use of hand-held cellular tele-
phones causes brain tumors, but they are not sufficient
to evaluate the risks among long-term, heavy users
and for potentially long induction periods. (N Engl J
Med 2001;344:79-86.)
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AND-HELD cellular telephones were in-
troduced to the U.S. market in 1984

 

1

 

 but
were not widely used until the mid-1990s.
By early 2000, the number of subscribers

to cellular-telephone services had grown to an esti-
mated 92 million in the United States and 500 million
worldwide.

 

2,3

 

 Some concern has arisen about adverse
health effects, especially the possibility that the low-
power microwave-frequency signal transmitted by the
antennas on handsets might cause brain tumors or ac-
celerate the growth of subclinical tumors.

 

4-8

 

 It is gen-
erally agreed that the heating of brain tissue by cellu-
lar telephones is negligible, and that any carcinogenic
effect would have to be mediated through a nonther-
mal mechanism, the nature and existence of which re-
main a matter of speculation.

 

5,7-13

 

 Direct genotoxic ef-
fects are unlikely.

 

7,14-16

 

 
Data concerning the risk of cancer associated with

the exposure of humans to nonionizing radiation of
the frequencies used by cellular telephones are lim-
ited,

 

4,6,7,17-19

 

 and review panels have called for addition-
al research.

 

5,8,20-22

 

 We report the results of a case–con-
trol study that was initiated in 1993, shortly after the
possibility of a link between use of cellular telephones
and brain tumors received extensive media attention
and elicited public concern.

 

METHODS

 

Study Setting and Population

 

The study methods have been described in detail previously.

 

23 

 

The
study was conducted at hospitals in Boston (Brigham and Wom-

H
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en’s Hospital); Phoenix, Arizona (St. Joseph’s Hospital and Med-
ical Center); and Pittsburgh (Western Pennsylvania Hospital). Each
is a regional referral center for the diagnosis and treatment of brain
tumors. Institutional review boards at the National Cancer Institute
and all participating hospitals approved the protocol, and written
informed consent was obtained from each subject or from his or her
proxy. Enrollment began in June of 1994 and ended in August of
1998. The study was restricted to adults 18 years old or older who
received care at one of the participating hospitals, resided within 50
miles of the hospital (or within Arizona, in the case of the Phoenix
center), and could understand English or Spanish.

Eligible patients with tumors were those in whom a first intracra-
nial glioma or neuroepitheliomatous tumor (codes 9380 to 9473
and 9490 to 9506 of the 

 

International Classification of Diseases for
Oncology, 2nd edition 

 

[ICD-O-2]

 

24

 

), hereafter referred to as glioma,
intracranial meningioma (ICD-O-2 codes 9530 to 9538), or acous-
tic neuroma (ICD-O-2 code 9560) had been diagnosed within the
eight weeks preceding hospitalization at a participating hospital.
Microscopical confirmation was required for gliomas and menin-
giomas, and a confirmatory magnetic resonance imaging (MRI) or
computed tomographic (CT) scan was required for acoustic neu-
romas (96 percent of which were also confirmed microscopically).
The tumor grade of gliomas was classified according to the guide-
lines of Kleihues et al.

 

25,26

 

 The location of the tumor was determined
on the basis of the MRI, CT, and surgical reports. Of the poten-
tially eligible patients with tumors, 92 percent agreed to participate
in the study. Most (80 percent) were enrolled and interviewed with-
in three weeks after the qualifying diagnosis.

The controls were patients who were admitted to the same hos-
pitals for a variety of nonmalignant conditions and were frequency-
matched to the total group of patients with tumors according to
hospital, age (in 10-year strata), sex, race or ethnic group, and prox-
imity of their residence to the hospital (0 to 8 km, >8 to 24 km,
>24 to 48 km, >48 to 80 km, or >80 km [0 to 5 mi, >5 to 15
mi, >15 to 30 mi, >30 to 50 mi, or >50 mi]). Priority for ap-
proaching candidates for the control group was determined by the
relative numbers of patients with tumors and controls in the differ-
ent strata. Of the eligible controls who were contacted, 799 (86 per-
cent) participated.

 

Data Collection

 

A research nurse administered a computer-assisted, personal inter-
view in the hospital. Proxy interviews were conducted if the subject
was too ill or functionally impaired or had died. Proxy interviews
were necessary for 16 percent of the patients with glioma, 8 percent
of the patients with meningioma, 3 percent of the patients with
acoustic neuroma, and 3 percent of the controls. The usual proxy
was the spouse. Interviews were audiotaped if the respondent con-
sented, and nearly all respondents did so.

The interview questions concerned the use of hand-held cellular
telephones (with the antenna on the handset), car telephones, and
transportable cellular telephones with separate battery packs.

 

4 

 

Par-
ticipants were asked about the calendar years of the first and last use;
the duration of “regular” use (defined as at least two calls per week
within this period); the usual frequency of use (in minutes per day);
and the hand usually used to hold the handset. The questions con-
cerning the duration and frequency of use were asked only of per-
sons who reported using a particular type of telephone more than
five times in their lives. A card was shown displaying photographs
of different types of cellular and cordless telephones, and the in-
terviewer’s script included a description of the distinguishing fea-
tures of each type. The managers of the study listened to audio-
tapes of this portion of the interview for all study subjects and
corrected the data when any discrepancies were found.

Also covered in the interview were the subject’s educational lev-
el, household income, type of health insurance coverage, religion,
marital status, history of medical exposure to ionizing radiation, and
handedness. The subjects’ addresses were linked with 1990 U.S.
Census data files to determine the median household income for
the census block or tract in which the person resided at the time of
hospital admission.

 

Statistical Analysis

 

Conditional logistic regression

 

27,28

 

 was used to estimate odds
ratios, compute confidence intervals, and perform likelihood-ratio
tests (two-sided tests at an 

 

a

 

 level of 0.05). Odds ratios were used
as estimates of the relative risk. In addition to the matching vari-
ables, the analyses accounted for the date of the interview (a con-
tinuous variable), the type of respondent (the subject, a proxy, or
both), educational level (less than high school, high school or gen-
eral equivalency diploma, one to three years of college, or four years
of college or more), annual household income (six categories, from
less than $15,000 to $75,000 or more), type of health coverage,
marital status, religion, history of radiotherapy to the head or neck,
and handedness.

The association between the laterality of the tumor and the self-
reported laterality of telephone use was examined among the pa-
tients with tumors. The relative risk associated with the use of hand-
held cellular telephones was estimated as (

 

√

 

OR

 

+1)÷2 (where OR
denotes odds ratio), on the basis of an approach described else-
where.* Two-sided P values for tests of independence were based
on Fisher’s exact test.

 

RESULTS

 

Characteristics of Patients with Tumors and Controls

 

The 782 patients with tumors included 489 with
glioma, 197 with meningioma, and 96 with acoustic
neuroma (Table 1). Nearly 71 percent of the patients
with gliomas had been given a diagnosis of glioblas-
toma or other type of astrocytoma, and 17 percent
a diagnosis of oligodendroglioma or mixed glioma
(mostly oligoastrocytomas). Patients with high-grade
gliomas outnumbered those with low-grade gliomas
(354 vs. 135). The ratios of men to women were 1.3
among patients with glioma, 0.3 among patients with
meningioma, and 0.6 among those with acoustic neu-
roma. The most common reasons for hospitalization
among the 799 controls were injuries (197) and dis-
orders of the circulatory (179), musculoskeletal (172),
digestive (92), and nervous (58) systems. Diagnoses
in the controls varied among the hospitals, with trau-
ma accounting for the largest fraction in Phoenix (35
percent), circulatory diseases in Boston (29 percent),
and musculoskeletal diseases in Pittsburgh (41 per-
cent). The patients with tumors tended to be older
than the controls, more highly educated, and from
homes with higher household incomes (Table 1); these
differences were most pronounced in the patients with
acoustic neuromas.

Among the controls, 232 (29 percent) reported hav-
ing used a hand-held cellular telephone more than five
times; the proportion who reported use at that level
was 29 percent among patients hospitalized with trau-
ma, 22 percent among those with circulatory disease,
31 percent among those with musculoskeletal disor-
ders, and 33 percent among other patients. The pro-
portion of controls who reported having used a hand-
held cellular telephone more than five times increased
during the course of the study, whereas the corre-
sponding proportions for the use of car phones and

 

*See http://www.nejm.org or NAPS document no. 05579 for 2 pages of
supplementary material. To order the NAPS document, contact NAPS, c/o
Microfiche Publications, 248 Hempstead Tpke., West Hempstead, NY 11552.
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transportable cellular telephones did not (Fig. 1A). Use
of hand-held cellular telephones was higher among
men than among women, decreased with age for both
sexes (but more so for women), and was positively as-
sociated with self-reported household income and ed-
ucational level (Fig. 1B, 1C, and 1D). The lower prev-
alence of use among patients with circulatory disease
reflects their older age (mean, 57 years, as compared
with 47 years for other controls).

 

Risk According to Level of Use

 

Neither ever having used a hand-held cellular tele-
phone nor regular use of one was significantly asso-

ciated with the relative risk of glioma, meningioma,
or acoustic neuroma (Table 2). Among regular users,
relative risks were not higher among those who began
using cellular telephones in earlier years, nor did the
risk of any type of tumor increase significantly with
increasing duration of use, frequency of use, or total
cumulative use (Table 2).

Seventeen patients with tumors and 28 controls re-
ported having used hand-held cellular telephones for
an average of 15 or more minutes per day for at least
three years. The distribution of these patients accord-
ing to histologic type of tumor was as follows: four had
anaplastic astrocytoma, three had glioblastoma, one

 

*The location of the hospital, the age at the time of the interview, the sex, and the race or ethnic
group were matching variables. GED denotes general equivalency diploma.

†The glioma category includes neuroepitheliomatous tumors (ICD-O-2 codes 9380 to 9473 and
9490 to 9506

 

24

 

). There were 236 glioblastomas, 5 gliosarcomas, 70 anaplastic astrocytomas, 34 other
or unspecified astrocytomas, 46 oligodendrogliomas, 9 anaplastic oligodendrogliomas, 30 mixed gli-
omas, 7 ependymomas, 3 anaplastic ependymomas, 3 subependymal gliomas, 18 gangliogliomas, 4 neu-
rocytomas, 5 medulloblastomas, 1 primitive neuroectodermal tumor, 2 neuroblastomas, 1 astroblas-
toma, 1 neuroepithelioma, and 14 gliomas of unspecified type.

‡The age of patients at the time of the interview was nearly identical to the age at the time of the
diagnosis of the tumor (for patients with tumors) and the age at the time of hospital admission.
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(N=799)
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G

 

LIOMA

 

†
(N=489)

P

 

ATIENTS
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M
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(N=197)
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WITH
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(N=96)

A

 

LL

 

 P

 

ATIENTS

WITH

 

 B

 

RAIN

 

 
T

 

UMORS

 

(N=782)

 

number of patients (percent)

 

Location of hospital
Phoenix, Ariz. 405 (51) 244 (50) 99 (50) 72 (75) 415 (53)
Boston 220 (28) 153 (31) 79 (40) 22 (23) 254 (32)
Pittsburgh 174 (22) 92 (19) 19 (10) 2 (2) 113 (14)

Age at interview‡
18–39 yr 247 (31) 131 (27) 32 (16) 17 (18) 180 (23)
40–59 yr 314 (39) 178 (36) 88 (45) 51 (53) 317 (41)
60–90 yr 238 (30) 180 (37) 77 (39) 28 (29) 285 (36)

Sex
Female 436 (55) 212 (43) 151 (77) 60 (63) 423 (54)
Male 363 (45) 277 (57) 46 (23) 36 (37) 359 (46)

Race or ethnic group
Non-Hispanic white 715 (89) 444 (91) 163 (83) 89 (93) 696 (89)
Hispanic white 54 (7) 26 (5) 14 (7) 6 (6) 46 (6)
Black 19 (2) 10 (2) 9 (5) 0 19 (2)
Asian 1 (<1) 4 (1) 4 (2) 1 (1) 9 (1)
Native American 6 (1) 2 (<1) 2 (1) 0 4 (1)
Other or unknown 4 (1) 3 (1) 5 (3) 0 8 (1)

Educational level
<High school 105 (13) 64 (13) 24 (12) 5 (5) 93 (12)
High school or GED 234 (29) 122 (25) 57 (29) 28 (29) 207 (26)
1–3 yr of college 245 (31) 130 (27) 68 (35) 21 (22) 219 (28)
4 yr of college 105 (13) 89 (18) 23 (12) 23 (24) 135 (17)
Graduate or professional school 89 (11) 68 (14) 24 (12) 18 (19) 110 (14)
Unknown 21 (3) 16 (3) 1 (1) 1 (1) 18 (2)

Self-reported annual household 
income

<$15,000 125 (16) 44 (9) 16 (8) 2 (2) 62 (8)
$15,000–$24,999 115 (14) 73 (15) 32 (16) 10 (10) 115 (15)
$25,000–$34,999 105 (13) 69 (14) 30 (15) 12 (12) 111 (14)
$35,000–$49,999 134 (17) 84 (17) 31 (16) 26 (27) 141 (18)
$50,000–$74,999 145 (18) 79 (16) 32 (16) 16 (17) 127 (16)
»$75,000 124 (16) 102 (21) 39 (20) 25 (26) 166 (21)
Unknown 51 (6) 38 (8) 17 (9) 5 (5) 60 (8)
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had astrocytoma, one had oligodendroglioma, one had
ependymoma, two had an unspecified type of glioma,
four had meningioma, and one had acoustic neuroma.
The relative risk for glioma at this level of cellular-tele-
phone use was 0.7 (95 percent confidence interval, 0.3
to 1.6).

Significantly elevated relative risks were not observed
for any of the hospitals, for either sex, or for any age
groups, and there was little heterogeneity in risk
among subgroups of the controls (data not shown).
For glioma, the relative risk associated with using a
cellular telephone more than five times as compared
with never using one was 1.2 when the control group
used in the analysis was limited to persons admitted
because of injuries; the relative risk was 1.0 when the
subgroup was those admitted for circulatory diseases;
1.0 when the subgroup was those admitted for mus-
culoskeletal diseases; and 0.9 when the subgroup was
those admitted for other illnesses or conditions.

The relative risks were not significantly increased for
subcategories of glioma defined according to histolog-
ic type, grade, laterality, or affected lobe of the brain
(Table 3). Estimated relative risks were 1.1 for all as-
trocytic tumors combined and 0.9 for high-grade as-
trocytoma. Within the latter category, the relative risk
was nonsignificantly greater than 1.0 for anaplastic
astrocytoma and nonsignificantly less than 1.0 for gli-
oblastoma. The relative risk of anaplastic astrocytoma
was greater for persons who had used cellular tele-
phones one to five times in their lives (relative risk, 2.6)
than for persons who had used them more than five
times (relative risk, 1.8).

Additional covariates (marital status, religion, type
of health insurance, history of radiotherapy to the head
or neck, and handedness) had little or no influence on
the estimates of relative risk, nor did age when age cat-
egories smaller than 10 years were used. Patients with
glioma were interviewed, on average, four months ear-
lier than controls, but the analysis was adjusted for the
date of the interview, so the trend over time in the use
of cellular telephones was taken into account.

 

Laterality of Tumor and of Telephone Use

 

Among patients with tumors who reported having
used hand-held cellular telephones regularly for at
least six months before diagnosis, the laterality of the
tumor was not significantly associated with the self-
reported laterality of use of the cellular telephone (Ta-
ble 4). Relative risks of gliomas involving the frontal,
temporal, and parietal lobes were 1.0 (P=1.00), 0.9

 

Figure 1.

 

 Percentage of Controls Who Had Used a Cellular Tele-
phone More Than Five Times, According to the Year of the In-
terview and Type of Cellular Telephone (Panel A), Age at the
Time of the Interview and Sex (Panel B), Self-Reported Annual
Household Income (Panel C), and Level of Education (Panel D).
Panels B, C, and D show the data for hand-held cellular tele-
phones only.
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(P=0.66), and 0.8 (P=0.55), respectively, and the rel-
ative risk of anaplastic astrocytoma was 1.2 (P=1.00).

 

DISCUSSION

 

Our results do not substantiate the concern that
some brain tumors diagnosed in the United States
during the mid-1990s were caused by the use of hand-
held cellular telephones. There was little or no indi-
cation of an increased risk of glioma, meningioma, or
acoustic neuroma associated with any use, cumulative
use, or the laterality of use of these telephones. There
was no significantly increased risk associated with the
use of cellular telephones at any of the three centers,
and estimates of the relative risk associated with the
use of cellular telephones were insensitive to the inclu-

sion or exclusion of any of the four principal subgroups
of controls.

Some degree of misclassification of patients’ relative
levels of exposure was inevitable, because of inherent
limitations in the ability of the interview to capture
historical changes in a patient’s pattern of cellular tele-
phone use, inaccuracies in patients’ recall, and varia-
tions in the levels of exposure to microwave radiation
with different types of hand-held cellular telephones
and under different circumstances of use. In a previ-
ous study,

 

29

 

 a good correlation (Spearman’s r=0.79)
was reported between the self-reported use of cellular
telephones and billing records from cellular-telephone
companies. Patients with gliomas sometimes have im-
pairments of memory or cognition that might com-

 

*All relative risks were adjusted for the matching variables (age, sex, race or ethnic group, hospital, and distance from the patient’s residence
to the hospital), education, self-reported annual household income, date of interview, and interview respondent. For acoustic neuroma, the
relative risk was also adjusted for the median household income in the census tract where the patient lived. It was unknown whether one
control and three patients with gliomas had ever used a hand-held cellular telephone. In addition, the number of times a cellular telephone
was used was unknown for 21 controls, 18 patients with gliomas, and 2 patients with meningiomas, all of whom were known users. “Regular”
use was defined as two or more calls per week. The “never or rarely used” category includes persons who used a cellular telephone fewer
than five times in their lives and those who never used one on a regular basis. The cumulative use was calculated as the product of the duration
of the period of regular use (in weeks) and the average hours per week of use during that time. CI denotes confidence interval.

†This group served as the reference group.

‡The categories were based on the distributions among controls. The difference between the total number in the three categories of regular
use and the total number of regular users is due to some persons’ reporting regular use but not specifying an amount of time of use.
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 TO 
THE LEVEL OF USE OF HAND-HELD CELLULAR TELEPHONES.*

VARIABLE CONTROLS

PATIENTS WITH

GLIOMAS

PATIENTS WITH 
MENINGIOMAS

PATIENTS WITH 
ACOUSTIC NEUROMAS

ALL PATIENTS WITH 
BRAIN TUMORS

NO. NO.
RELATIVE RISK

(95% CI) NO.
RELATIVE RISK

(95% CI) NO.
RELATIVE RISK

(95% CI) NO.
RELATIVE RISK

(95% CI)

Use of hand-held cellular telephones
No use† 440 285 1.0 130 1.0 56 1.0 471 1.0 
Use 358 201 1.0 (0.7–1.4) 67 0.8 (0.5–1.2) 40 0.8 (0.5–1.4) 308 0.9 (0.7–1.1)

1 to 5 times in life 105 62 1.2 (0.8–1.8) 22 0.9 (0.5–1.7) 10 0.6 (0.2–1.3) 94 1.0 (0.7–1.4)
>5 times in life 232 121 0.9 (0.7–1.4) 43 0.7 (0.4–1.2) 30 1.0 (0.5–1.9) 194 0.9 (0.6–1.2)
Regular use 172 85 0.8 (0.6–1.2) 32 0.8 (0.4–1.3) 22 1.0 (0.5–1.9) 139 0.8 (0.6–1.1)

Average daily use‡
Never or rarely used† 625 398 1.0 165 1.0 74 1.0 637 1.0 
<3 min 53 27 0.9 (0.5–1.6) 9 0.7 (0.3–1.7) 7 1.0 (0.4–2.9) 43 0.8 (0.5–1.4)
3 to <15 min 64 37 1.0 (0.6–1.6) 13 1.2 (0.5–2.7) 10 1.4 (0.6–3.2) 60 1.1 (0.7–1.7)
»15 min 51 20 0.5 (0.3–1.0) 10 0.7 (0.3–1.8) 5 0.9 (0.3–2.8) 35 0.6 (0.3–1.0)
»60 min 24 12 0.7 (0.3–1.7) 5 0.5 (0.1–2.2) 1 0.3 (0.0–2.7) 18 0.6 (0.3–1.3)

Duration of regular use‡
Never or rarely used† 625 398 1.0 165 1.0 74 1.0 637 1.0 
<0.5 yr 56 24 0.6 (0.3–1.1) 6 0.5 (0.2–1.4) 4 0.3 (0.1–1.3) 34 0.6 (0.3–0.9)
0.5 to <3.0 yr 55 31 0.9 (0.5–1.6) 12 0.8 (0.4–1.9) 8 1.8 (0.7–4.5) 51 1.0 (0.6–1.6)
»3.0 yr 60 30 0.9 (0.5–1.5) 14 1.1 (0.5–2.5) 10 1.4 (0.6–3.4) 54 1.0 (0.6–1.6)
»5.0 yr 31 11 0.6 (0.3–1.4) 6 0.9 (0.3–2.7) 5 1.9 (0.6–5.9) 22 0.9 (0.5–1.6)

Cumulative use‡
Never or rarely used† 625 398 1.0 165 1.0 74 1.0 637 1.0 
<13 hr 55 26 0.8 (0.4–1.4) 8 0.7 (0.3–1.9) 5 0.7 (0.2–2.3) 39 0.7 (0.4–1.2)
13 to 100 hr 58 26 0.7 (0.4–1.3) 13 1.1 (0.5–2.4) 8 1.2 (0.5–3.1) 47 0.9 (0.6–1.4)
>100 hr 54 32 0.9 (0.5–1.6) 11 0.7 (0.3–1.7) 9 1.4 (0.6–3.5) 52 1.0 (0.6–1.5)
>500 hr 27 11 0.5 (0.2–1.3) 6 0.7 (0.2–2.4) 1 0.4 (0.0–3.3) 18 0.7 (0.2–1.1)

Year use began‡
Never or rarely used† 625 398 1.0 165 1.0 74 1.0 637 1.0 
1995 through 1998 61 24 0.8 (0.4–1.5) 14 1.1 (0.5–2.4) 7 0.7 (0.3–2.0) 45 0.9 (0.5–1.4)
1993 or 1994 60 38 1.0 (0.6–1.6) 8 0.5 (0.2–1.5) 9 1.5 (0.6–3.6) 55 0.9 (0.6–1.4)
«1992 50 23 0.6 (0.3–1.1) 9 0.8 (0.3–2.0) 6 1.2 (0.4–3.4) 38 0.7 (0.4–1.2)
<1990 23 8 0.3 (0.1–1.0) 3 0.3 (0.1–1.6) 2 1.3 (0.2–6.6) 13 0.4 (0.2–0.9)
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promise their ability to report past events and habits
as accurately as healthy persons. Such impairment is
considerably less common among young and middle-
aged patients with gliomas than among elderly patients
and is uncommon among patients with meningio-
mas or acoustic neuromas.26 Cellular-telephone use
was much more common among persons less than
70 years old than among those 70 years old or older
(Fig. 1B). If cellular telephones cause brain tumors,
and the induction period is not long, one would ex-
pect the effect to be evident among case patients
younger than the ages at which aphasia is a common
symptom. It was not.

In addition to the frequency and duration of tele-
phone use, factors that can affect the level of exposure
to microwave radiation include the distance from the
base station, the local topography and vegetation,
whether the phone is used indoors or outdoors, the
design of the particular model of telephone, and the

position of the antenna and the telephone in relation
to the head.8,20,30,31 Failure to account for these vari-
ables could result in the misclassification of the level of
exposure, but these factors are unlikely to vary system-
atically with the frequency or duration of use. The mis-
classification of the level of use is more likely than the
misclassification of use itself, and the low overall risk
among regular users suggests that if the study failed
to detect a substantially elevated risk, it was confined
to a small subgroup.

Microwave radiation is attenuated rapidly with pas-
sage though tissue, so that the absorption of energy
by tissue 5 cm below the surface of the skin is less than
10 percent of that at the surface, and absorption is an
order of magnitude less on the side of the head op-
posite that on which the telephone is used than it is on
the side of use.1,4,20,31-34 However, we found no posi-
tive associations between the laterality of the tumor
and the side of cellular-telephone use for any of the
principal categories of tumors. It is difficult to assess
correlations between the location of the tumor and
the deposition of microwave energy at a finer grada-
tion than laterality, insofar as the pattern of energy
absorption is sensitive even to small changes in the
position and design of the telephone32,35 and the pre-

*All 799 controls (232 of whom used a hand-held cellular telephone
more than five times) were used as the reference group for each subgroup
of patients with tumors. The relative risks have been adjusted for the same
covariates as in Table 2. CI denotes confidence interval.

†High-grade gliomas include glioblastomas, gliosarcomas, anaplastic as-
trocytomas, other anaplastic gliomas (grade III or IV on a four-point scale),
astroblastomas, and embryonal tumors (medulloblastomas, primitive neu-
roectodermal tumors, and neuroblastomas).

‡Forty-six tumors were either centrally located or involved both sides of
the brain and are therefore excluded.

§Tumors involving more than one lobe are included for each affected
lobe. Tumors not involving the cerebral cortex are excluded.

TABLE 3. RELATIVE RISKS OF GLIOMA AND 
NEUROEPITHELIOMATOUS TUMORS ASSOCIATED WITH 

THE USE OF HAND-HELD CELLULAR TELEPHONES MORE THAN 
FIVE TIMES, AS COMPARED WITH NO USE.*

VARIABLE TOTAL

USE MORE

THAN 5 TIMES

RELATIVE RISK

(95% CI)

no.

All cases of glioma 489 121 0.9 (0.7–1.4)
High grade† 354 70 0.9 (0.6–1.4)
Low grade 135 51 1.0 (0.5–1.7)

Histologic type of tumor
Astrocytoma (all grades) 345 69 1.1 (0.6–1.4)

Glioblastoma and gliosarcoma 241 33 0.8 (0.4–1.4)
Anaplastic astrocytoma 70 25 1.8 (0.7–5.1)
Other types 34 11 1.3 (0.4–4.1)

Oligodendroglioma and mixed 
glioma

85 31 0.7 (0.4–1.5)

Other and unspecified types of 
glioma

34 13 1.2 (0.3–4.6)

Neuroepitheliomatous tumors 25 8 0.5 (0.1–2.0)
Laterality of tumor‡

Left 220 52 0.9 (0.6–1.5)
Right 223 53 0.8 (0.5–1.3)

Affected lobe§
Frontal 220 60 0.9 (0.5–1.4)
Temporal 175 41 0.8 (0.5–1.4)
Parietal 135 30 1.1 (0.6–2.1)
Occipital 34 6 0.7 (0.2–2.5)

*“Regular” use was defined as two or more calls per week. Patients with
tumors whose tumor or telephone use was not exclusively attributed to one
side or the other were excluded from the analysis.

†The relative risk of a brain tumor associated with cellular-telephone use
was estimated as [(√OR+1)÷2], where OR denotes the odds ratio.

‡P values were based on Fisher’s exact test.

TABLE 4. LATERALITY OF TUMOR WITH RESPECT TO LATERALITY 
OF TELEPHONE USE AMONG PATIENTS WITH BRAIN TUMORS 

WITH REGULAR USE OF A HAND-HELD CELLULAR TELEPHONE 
FOR AT LEAST SIX MONTHS BEFORE DIAGNOSIS.* 

TYPE AND LATERALITY

OF TUMOR LATERALITY OF TELEPHONE USE

RELATIVE

RISK†
P

VALUE‡

LEFT RIGHT TOTAL

All types 0.9 0.51
Left
Right
Total

14
19
33

28
27
55

42
46
88

Any glioma 0.9 0.77
Left
Right
Total

8
10
18

18
17
35

26
27
53

Astrocytic glioma 0.9 1.00
Left
Right
Total

5
7

12

10
11
21

15
18
33

Meningioma 0.9 1.00
Left
Right
Total

4
5
9

6
6

12

10
11
21

Acoustic neuroma 0.9 0.63
Left
Right
Total

2
4
6

4
4
8

6
8

14
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cise origin of the tumor is unknown. Parts of the tem-
poral, parietal, and occipital lobes have been described
as regions of relatively high exposure, whereas the
frontal lobe is generally considered to be much less ex-
posed.1,4,6,34 We found no evidence that cellular-tele-
phone use was more strongly associated with gliomas
in the temporal or parietal lobe than it was with gli-
omas in the frontal lobe.

The most important limitation of our study is its
limited precision for assessing the risks after a potential
induction period of more than several years or among
people with very high levels of daily or cumulative use.
For example, we cannot rule out a 60 percent increase
in the risk of glioma associated with cumulative use of
100 hours or more. If an effect of cellular telephones
was limited to a relatively uncommon type of tumor,
or to a very small volume of highly exposed tissue im-
mediately adjacent to the handset, a much larger sam-
ple would be required to detect it. The study was de-
signed to have adequate power to assess the relative
risk of all gliomas combined, but not for subtypes of
glioma.

There have been substantial changes in wireless
communication technology since this study began in
1993. The current trend is toward greater use of dig-
ital technology and higher frequencies of transmis-
sion.8,20,36-38 Because of the timing of this study, we
presume that our results pertain primarily to analogue
telephones with frequencies of 800 to 900 MHz. Dig-
ital telephones operate at a lower average power than
analogue telephones,4,8 and we would not expect them
to carry a higher risk, unless there is an important
aspect of exposure other than the rate of energy dep-
osition. No increase in the risk of brain tumors as-
sociated with the use of analogue or digital cellular
telephones was found in a small, case–control study
conducted in Sweden.6 Multicenter, international stud-
ies that are just getting under way39,40 will have great-
er statistical power to assess the risks of cancer asso-
ciated with long induction periods and will provide
information about the risks associated with the use of
digital telephones.

Our results do not support the view that exposure
to low-power microwave radiation from hand-held, an-
alogue cellular telephones causes malignant or benign
tumors of the brain or nervous system. However, giv-
en the fact that widespread use of cellular telephones
is a recent development, the dramatic increases that
have occurred in the frequency of use, and the chang-
es in cellular technology over time, the findings should
be seen as an estimate of the risk at an early stage of
the use of this technology.
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Brian Paul, Patsy Thompson, Donna Houpt, Kelli Williamson, San-
dra McGuire, Renee Karlsen, Patricia Yost, Janice Whelan, Douglas
Watson, Diane Fuchs, Bob Saal, Christel McCarty, George Geise, and

Rebecca Albert for their valuable and dedicated assistance during
the conduct of the study; and to the University of North Carolina
Hospitals for providing the opportunity to pretest study instruments
and procedures on a sample of neurosurgical patients.

APPENDIX

Statistical Issues Related to Laterality of Tumor 
and Side of Cellular-Telephone Use

In the following analysis, B denotes brain tumor, P cellular-telephone
use, R right side, L left side, and Pr probability. The usual estimate of the
odds ratio from a two-by-two table for laterality like those in Table 4 is an
estimate of the quantity

[Pr(BR|PR)Pr(BL|PL)]÷[Pr(BL|PR)Pr(BR|PL)],

where, for example, Pr(BR|PR) is the probability of the development of a
brain tumor on the right side of the brain when the cellular telephone was
used on the right side. If cellular-telephone use is independent of the risk
of brain tumors, then

Pr(BR|PR)=Pr(BR|PL)=Pr(BR) and Pr(BL|PL)=Pr(BL|PR)=Pr(BL),

so that the odds ratio is always 1.0, even though there may be a higher
probability that a tumor will develop on one side of the brain than the
other.

Suppose that cellular-telephone use is associated with brain tumors and
that the relative risk that a tumor will develop on the side of cellular-
telephone use is the same for tumors on the left side and on the right side.
That is, assume that

Pr(BL|PL)=U Pr(BL|PR) and Pr(BR|PR)=U Pr(BR|PL).

It follows that the usual odds ratio estimated from a two-by-two table for
laterality is an estimate of U2, and thus that the square root of the odds
ratio is an estimate of U. If cellular-telephone use does not expose the side
of the brain opposite the side of use to any radiation, then the laterality
risk ratio, U, quantifies the risk of brain tumors due to cellular-telephone
use.

The relative risk for the general population is defined as

RR=P(B|P)÷P(B|no P), 

where brain tumors and cellular-telephone exposure can occur on either
side of the brain. Assume that brain tumors are equally likely on the left
and the right side in the absence of cellular-telephone exposure. Then it
follows that

Pr(B|no P)=Pr(BR|no P)+Pr(BL|no P)=2Pr(BR|no P)
=2 Pr(BR|PL)=2 Pr(BL|PR).

Assuming, without loss of generality, that cellular-telephone use is on the
left side, it follows that

Pr(B|P)=Pr(B|PL)=Pr(BL|PL)+Pr(BR|PL),

and thus that RR=(U+1)÷2.
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